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O z o n e  p r o d u c t i o n  a n d  t r a n s p o r t  n e a r  N a s h v i l l e ,  T e n n e s s e e :  
R e s u l t s  f r o m  t h e  1 9 9 4  s t u d y  a t  N e w  H e n d e r s o n v i l l e  

K .  B a u m a n n ’ V 2 3 3  ,  E .  J .  W i l l i a m s ’ ,  W .  M .  A n g e v i n e ’ ,  J .  M .  R o b e r t s ’ ,  R .  B .  N o r t o n ’ ,  

G .  J .  F r o s t ’ ,  F .  C .  F e h s e n f e l d ’ ,  S .  R .  S p r i n g s t o n 4 ,  S .  B .  B e r t m a n ’ ,  a n d  B .  H a r t s e l l  

A b s t r a c t .  D u r i n g  t h e  s u m m e r  o f  1 9 9 4  t h e  p h o t o c h e m i c a l  p r o d u c t i o n  o f  o z o n e  a n d  t h e  
r e l a t i o n  o f  t h i s  p r o d u c t i o n  t o  t h e  p h o t o c h e m i c a l  p r e c u r s o r s  w e r e  s t u d i e d  a t  a  s u b u r b a n  g r o u n d  
s i t e  n e a r  N a s h v i l l e ,  T e n n e s s e e .  T h e  s t u d y ,  w h i c h  w a s  c a r r i e d  o u t  a s  p a r t  o f  t h e  S o u t h e r n  
O x i d a n t  S t u d y  ( S O S ) ,  i n v e s t i g a t e d  t h e  o z o n e  p r o d u c e d  b y  u r b a n  o u t f l o w  d u r i n g  o n e  p e r i o d  o f  
h i g h  p h o t o c h e m i c a l  a c t i v i t y  a r o u n d  J u l y  I ,  1 9 9 4 .  E s t i m a t e s  o f  t h e  i n s t a n t a n e o u s  r a t e  o f  i n  
s i t u  o z o n e  p r o d u c t i o n ,  P ( O j ) ,  a r e  i n f e r r e d  f r o m  d e v i a t i o n s  o f  t h e  p h o t o s t a t i o n a r y  s t a t e  ( P S S )  
f o r  c l e a r - s k y  c o n d i t i o n s .  T h e  b i g g e s t  c o n t r i b u t o r  t o  t h e  l a r g e  e r r o r s  i n  P ( O j )  a r e  t h e  
s y s t e m a t i c  e r r o r s  i n  t h e  d e r i v e d ,  n o t  m e a s u r e d ,  j ( N O z )  l e v e l s .  O z o n e  e n t r a i n m e n t  f r o m  a l o f t  
h a s  b e e n  q u a n t i f i e d  b y  s i m p l e  s u b t r a c t i o n  o f  c a l c u l a t e d  p r o d u c t i o n  a n d  l o s s  t e r m s  f r o m  t h e  
o b s e r v e d  r a t e  o f  o z o n e  c h a n g e .  T h e  u n c e r t a i n t y  o f  t h i s  d e r i v e d  t r a n s p o r t  t e r m  w a s  e s t i m a t e d  
t o  a  f a c t o r  o f  2  a t  b e s t  a n d  2  o r d e r s  o f  m a g n i t u d e  a t  w o r s t .  E n t r a i n m e n t  p r o v i d e s  a  s u b s t a n t i a l  
c o n t r i b u t i o n  t o  t h e  o b s e r v e d  i n c r e a s e  o f  [ O J ]  ( - 2 0  p p b v  h - ‘ )  i n  t h e  m o r n i n g s  b e t w e e n  0 7 0 0  
a n d  1 0 0 0  C e n t r a l  S t a n d a r d  T i m e  ( C S T  b e i n g  1  h o u r  b e h i n d  L T )  w h e n  a d v e c t i o n  c a n  b e  
n e g l e c t e d .  A n  a v e r a g e  e n t r a i n m e n t  v e l o c i t y  o f  1 . 5 - 2  c m  s - l  a g r e e d  w i t h i n  3 0  t o  5 0 %  w i t h  a  
r e s u l t  f o u n d  f r o m  a n o t h e r ,  c o m p l e t e l y  i n d e p e n d e n t  s t u d y .  P ( O 3 )  d o m i n a t e s  t h e  o b s e r v e d  [ O J ]  
i n c r e a s e  f r o m  1 0 0 0  C S T  u n t i l  e a r l y  a f t e r n o o n ,  w h e n  e n t r a i n m e n t  w e a k e n s  a n d  e v e n  t u r n s  i n t o  
a n  e f f e c t i v e  o z o n e  l o s s  t e r m  d u e  t o  c l o u d  v e n t i n g  p r o c e s s e s .  T h e  J u l y  1  c a s e  c l e a r l y  
d e m o n s t r a t e s  t h a t  t h e  m o r n i n g  o z o n e  e n t r a i n m e n t  o c c u r s  o n  a  m o r e  r e g i o n a l  s c a l e  c o v e r i n g  
t h e  e n t i r e  s t u d y  a r e a ,  w h e r e a s  t h e  m i d d a y  o z o n e  e x c e e d a n c e  w a s  s p a t i a l l y  m o r e  c o n f i n e d  t o  
t h e  a r e a  c o v e r e d  b y  t h e  a d v e c t i v e  o u t f l o w  o f  t h e  c h e m i c a l l y  p r o c e s s e d  N a s h v i l l e  u r b a n  
p l u m e .  T h e  d a t a  s h o w  t h a t  t h e  e n t r a i n e d  [ O & r i c h  a i r  a l o f t  i s  t h e  r e m n a n t  o f  t h e  p r e v i o u s  
d a y ’ s  l o c a l  o z o n e  b u i l d u p  a n d  s u b s e q u e n t  n o c t u r n a l  a d v e c t i v e  r e d i s t r i b u t i o n .  

1 .  I n t r o d u c t i o n  

E l e v a t e d  a n d  p o t e n t i a l l y  h a r m f u l  l e v e l s  o f  o z o n e  ( 0 3 )  a r e  
b e i n g  f o u n d  in many areas of the southeastern United States 

during summer. There is substantial evidence from field 

measurements and m o d e l  c a l c u l a t i o n s  t h a t  m o s t  o f  t h i s  O 3  i s  
b e i n g  p r o d u c e d  p h o t o c h e m i c a l l y  b y  r e a c t i o n s  i n v o l v i n g  t h e  
p r e c u r s o r  c o m p o u n d s :  c a r b o n  m o n o x i d e  ( C O ) ,  v o l a t i l e  
o r g a n i c  c o m p o u n d s  ( V O C ) ,  a n d  n i t r o g e n  o x i d e s  
( N O F N O + N O ~ )  [ R e s e u r c h  T r i a n g l e  / n s t i t u t e  (RTf), 1975; 

V u k o v i c h  e t  a l . ,  1 9 7 7 ,  1 9 8 5 ;  C l e v e l a n d  e t  a l . ,  1 9 7 7 ;  S p i c e r  e t  
a l . ,  1 9 7 9 ;  W o l f f  a n d  L i o y ,  1 9 8 0 ;  F e h s e n f e f d  e t  a l , ,  1 9 8 3 ;  K e l l y  
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e t  a l . ,  1 9 8 4 :  L i u  e t  a l . ,  1 9 8 7 ;  N a t i o n a l  R e s e a r c h  C o u n c i l  
( N R C ) ,  1 9 9 1 1 .  

N a s h v i l l e ,  T e n n e s s e e ,  i s  a n  e x a m p l e  o f  a  m i d s i z e  u r b a n  
a r e a  i n  t h e  s o u t h e a s t e r n  U n i t e d  S t a t e s  t h a t  i s  e x p e r i e n c i n g  O 3  
p o l l u t i o n  e p i s o d e s  i n  t h e  s u m m e r t i m e .  N a s h v i l l e  i s  
s u r r o u n d e d  b y  r u r a l  a r e a s ,  w h i c h  a r e  d o m i n a t e d  b y  f o r e s t s  a n d  
a g r i c u l t u r e .  I n  a d d i t i o n ,  l a r g e  i s o l a t e d  i n d u s t r i a l  p o i n t  s o u r c e s  
a r e  l o c a t e d  u p w i n d  o f  N a s h v i l l e  t o  t h e  w e s t  a n d  n o r t h .  T h e  
g r e a t e r  N a s h v i l l e  m e t r o p o l i t a n  a r e a  i s  o u t l i n e d  i n  F i g u r e  I  
a l o n g  w i t h  t h e  l o c a t i o n s  o f  d i f f e r e n t  p o l l u t a n t  p o i n t  s o u r c e s ,  
f o r  e x a m p l e ,  p o w e r  p l a n t s ,  a n d  t h e i r  1 9 9 4  e m i s s i o n s  (D. J. 

L o k e y ,  T e n n e s s e e  V a l l e y  A u t h o r i t y  ( T V A ) ,  p e r s o n a l  
c o m m u n i c a t i o n ,  1 9 9 7 ) .  T h e  D u P o n t  c h e m i c a l  p l a n t  d a t a  
r e f l e c t  e m i s s i o n s  f r o m  b e f o r e  1 9 9 4  [ E n v i r o n m e n t u l  P r o t e c t i o n  
A g e n c y  ( E P A ) ,  1 9 8 9 1 .  N a s h v i l l e  i t s e l f  i s  a  s o u r c e  f o r  VOC, 

CO, a n d  N O f i  F o r  c o m p a r i s o n ,  1 9 9 4  N O X  a n d  C O  e m i s s i o n s  
f r o m  t r a f f i c - r e l a t e d  s o u r c e s  w i t h i n  t h e  g r e a t e r  N a s h v i l l e  
m e t r o p o l i t a n  a r e a  ( i . e . ,  D a v i d s o n  c o u n t y )  w e r e  e s t i m a t e d  t o  b e  
1 0 8  a n d  8 5 7  x  l O 2 3  m o l e c u l e s / s  r e s p e c t i v e l y  ( C .  C a r d e l i n o ,  
G e o r g i a  I n s t i t u t e  o f  T e c h n o l o g y  ( G I T ) ,  p e r s o n a l  
c o m m u n i c a t i o n ,  1 9 9 7 ) .  A l t h o u g h  N a s h v i l l e  i s  r e a s o n a b l y  
i s o l a t e d  f r o m  o t h e r  u r b a n  a r e a s ,  t h e  p o w e r  p l a n t s  c o n t r i b u t e  
s i g n i f i c a n t  e m i s s i o n s  o f  N O X  t o  t h e  r e g i o n ;  f o r  e x a m p l e ,  t h e  
C u m b e r l a n d  p o w e r  p l a n t  t o  t h e  w e s t  e m i : s  a b o u t  5  t i m e s  m o r e  
N O I .  I n  a d d i t i o n ,  f o r e s t s  a r e  a  m a j o r  s o u r c e  o f  b i o g e n i c  VOC 

such as i s o p r e n e .  I n  t h e  s u m m e r t i m e ,  o x i d a t i o n  o f  t h e s e  
p r i m a r y  p o l l u t a n t s  l e a d s  t o  t h e  f o r m a t i o n  o f  s e c o n d a r y  
p o l l u t a n t s  s u c h  a s  0 3 .  
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F i g u r e  1 .  M a p  o f  t h e  g r e a t e r  N a s h v i l l e ,  T e n n e s s e e ,  a r e a ,  s h o w i n g  l o c a t i o n s  o f  t h e  p r i n c i p a l  o z o n e  m o n i t o r i n g  
s t a t i o n s  a n d  m a j o r  e m i s s i o n  p o i n t  s o u r c e s  w i t h  t h e i r  S O z ,  N O X ,  a n d  C O  e m i s s i o n  s t r e n g t h s .  

T h e  N a s h v i l l e  m e t r o p o l i t a n  a r e a ,  w i t h  a  p o p u l a t i o n  o f  
a p p r o x i m a t e l y  o n e  m i l l i o n ,  h a s  a  l o n g  h i s t o r y  o f  0 s  p o l l u t i o n  
p r o b l e m s .  L i k e  m o s t  n o n a t t a i n m e n t  a r e a s ,  N a s h v i l l e  i s  
c l a s s i f i e d  b y  t h e  E P A  a s  h a v i n g  a  m o d e r a t e  O S  p r o b l e m :  i t s  
N a t i o n a l  A m b i e n t  A i r  Q u a l i t y  S t a n d a r d s  ( N A A Q S )  d e s i g n  
v a l u e  i s  1 3 8  p p b v .  B e t w e e n  1 9 8 8  a n d  1 9 9 4 ,  0 s  m i x i n g  r a t i o s  
h a v e  b e e n  m o n i t o r e d  a t  s e v e r a l  s i t e s  i n  a n d  a r o u n d  t h e  
N a s h v i l l e  m e t r o p o l i t a n  a r e a  a s  s h o w n  i n  F i g u r e  1 .  O v e r  t h i s  
p e r i o d ,  1 2 1  h o u r l y  a v e r a g e d  0 s  m i x i n g  r a t i o s  a b o v e  t h e  1 2 0  
p p b v  N A A Q S  s t a n d a r d  w e r e  r e c o r d e d  a t  t h e s e  s t a t i o n s .  
H o w e v e r ,  d u r i n g  t h i s  p e r i o d  t h e  h i g h e s t  O 3  l e v e l s  w e r e  
r e c o r d e d  a t  t h e  H e n d e r s o n v i l l e  s t a t i o n ,  w h i c h  i s  1 9  k m  n o r t h -  
n o r t h e a s t  o f  d o w n t o w n  N a s h v i l l e .  

F o r  t h i s  r e a s o n ,  t h e  S o u t h e r n  O x i d a n t s  S t u d y  ( S O S )  e l e c t e d  
t o  e s t a b l i s h  a  h i g h l y  i n s t r u m e n t e d  m o n i t o r i n g  s i t e  n e a r b y .  
T h i s  l o c a t i o n  w a s  d e s i g n a t e d  b y  S O S  a s  N e w  H e n d e r s o n v i l l e  
a n d  w a s  o p e r a t e d  d u t i n g  t h e  s t u d y  p e r i o d s  i n  s u m m e r s  o f  
1 9 9 4  a n d  1 9 9 5  i n  o r d e r  t o  u n d e r s t a n d  t h e  p h o t o c h e m i c a l  a n d  
m e t e o r o l o g i c a l  p r o c e s s e s  t h a t  l e a d  t o  t h e  e l e v a t e d  0 s  l e v e l s  i n  
N a s h v i l l e  [ c f .  M e @ r e r  e r  a l . ,  1 9 9 8 1 .  I n  a d d i t i o n ,  d u r i n g  t h e  
1 9 9 4  s t u d y ,  r i g o r o u s  i n t e r c o m p a r i s o n s  o f  t h e  m e t h o d s  u s e d  t o  
m e a s u r e  N O , ”  w e r e  c a r r i e d  o u t  a t  t h e  s i t e  [ W i U i a m s  e t  a l . ,  
1 9 9 8 1 .  N O ”  i n c l u d e s  N O X  a n d  i t s  m o r e  ( p h o t o c h e m i c a l l y )  
s t a b l e  o x i d a t i o n  p r o d u c t s  n i t r i c  a c i d  ( H N O &  a e r o s o l  n i t r a t e  
( N O X ) ,  p e r a c e t i c  n i t r i c  a n h y d r i d e  ( P A N ) ,  m e t h y l a c r y l i c  n i t r i c  
a n h y d r i d e  @ I P A N ) ,  a n d  p e r o x y p r o p i o n i c  n i t r i c  a n h y d r i d e  
( P P N ) .  T h i s  a f f o r d e d  t h e  o p p o r t u n i t y  f o r  t h e  s t a t e - o f - t h e - a r t  

N O / N O f l O , Y  m e a s u r e m e n t s ,  w h i c h  w e r e  i n v o l v e d  i n  t h e  
i n t e r c o m p a r i s o n ,  t o  p r o v i d e  a n  e x c e l l e n t  s e t  o f  h i g h  q u a l i t y  
r e a c t i v e  n i t r o g e n  o x i d e  m e a s u r e m e n t s  d u r i n g  t h i s  p e r i o d .  

I n  a d d i t i o n  t o  N O . “ ,  a  v a r i e t y  o f  o t h e r  p h o t o c h e m i c a l l y  
a c t i v e  t r a c e  g a s  c o n s t i t u e n t s  w e r e  m e a s u r e d  a t  N e w  

H e n d e r s o n v i l l e  i n  1 9 9 4 .  T h i s  a l l o w e d  t h e  s t u d y  o f  t h e  

p h o t o c h e m i c a l  p r o d u c t i o n  o f  0 s  a n d  t h e  r e l a t i o n s h i p s  o f  0 s  

p r o d u c t i o n  t o  O 3  p r e c u r s o r s  t h a t  a r e  p r e s e n t  i n  t h e  u r b a n  

o u t f l o w  d u r i n g  p e r i o d s  o f  h i g h  p h o t o c h e m i c a l  a c t i v i t y  a n d  
s t a g n a n t  h i g h  p r e s s u r e ,  w h i c h  a r e  t h e  t y p i c a l  c o n d i t i o n s  
l e a d i n g  t o  h i g h  O J  c o n c e n t r a t i o n s  i n  t h e  s o u t h e a s t e r n  U n i t e d  
S t a t e s .  

T h i s  p a p e r  w i l l  i d e n t i f y  p e r i o d s  w h e n  O 3  e x c e e d e d  t h e  
o l d e r  N A A Q S  1 2 0  p p b v  l - h o u r  s t a n d a r d  a n d  t h e  n e w  8 0  p p b v  

8 - h o u r  s t a n d a r d  d u r i n g  t h e  s t u d y  p e r i o d  i n  1 9 9 4 .  T h e  p r i m a r y  
f o c u s  w i l l  b e  o n  t h e  c h e m i c a l  a n d  m e t e o r o l o g i c a l  
m e a s u r e m e n t s  m a d e  a t  t h e  N e w  H e n d e r s o n v i l l e  s i t e  w h e r e  t h e  
m o s t  e x t r e m e  e x c e e d a n c e  o c c u r r e d  o n  J u l y  1 .  A  s u b s e q u e n t  

d e t a i l e d  a n a l y s i s  w i l l  t h e n  e x a m i n e  h o w  t h e  v a r i o u s  s o u r c e s  
o f  t h e  p h o t o c h e m i c a l  p r e c u r s o r s  o f  0 s  o u t l i n e d  a b o v e  m i g h t  

h a v e  c o n t r i b u t e d  t o  t h a t  e p i s o d e .  T h e  r a t e s  o f  p h o t o c h e m i c a l  
o z o n e  p r o d u c t i o n ,  l o s s ,  a n d  s u r f a c e  d e p o s i t i o n  a r e  e s t i m a t e d  

a n d  c o m p a r e d  t o  t h e  o b s e r v e d  n e t  r a t e  o f  o z o n e  c h a n g e .  
H e n c e  w e  d e r i v e  i m p l i c a t i o n s  f o r  o z o n e  t r a n s p o r t  p r o c e s s e s  
s u c h  a s  e n t r a i n m e n t ,  a d v e c t i o n ,  a n d  c l o u d  v e n t i n g ,  a n d  t h e i r  
i m p o r t a n c e  f o r  t h e  o b s e r v e d  I O J ]  e x c e e d a n c e s .  
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2. Meteorological Measurements 

W i n d  s p e e d  a n d  d i r e c t i o n ,  d e w  p o i n t  a n d  a i r  t e m p e r a t u r e s ,  
a i r  p r e s s u r e ,  p r e c i p i t a t i o n ,  a n d  s o l a r  U V  i r r a d i a n c e  ( E p p l e y )  
w e r e  m e a s u r e d  a t  t h e  t o p  o f  a  1 0  m  s c a f f o l d i n g  t o w e r .  D a t a  
w e r e  a c q u i r e d  a t  1  s  i n t e r v a l s  a n d  a v e r a g e d  t o  1  m m  p o i n t s .  
T h e  p h o t o l y s i s  r a t e  c o e f f i c i e n t s ,  o r  j ( N O z )  v a l u e s ,  w e r e  
c a l c u l a t e d  u s i n g  t h e  M a d r o n i c h  r a d i a t i v e  t r a n s f e r  m o d e l  ( S .  
M a d r o n i c h  e t  a l . ,  m a n u s c r i p t  i n  p r e p a r a t i o n ,  1 9 9 9 ) .  w h i c h  i s  
b a s e d  u p o n  t h e  S t a m n e s  d i s c r e t e  o r d i n a t e s  m o d e l  m o d i f i e d  t o  
s o l v e  t h e  r a d i a t i v e  t r a n s f e r  e q u a t i o n  i n  p s e u d o - s p h e r i c a l  
c o o r d i n a t e s  [ D u h l b a c k  a n d  S t u m n e s ,  1 9 9 1 1 .  T h e  d i s c r e t e  
o r d i n a t e s  c o d e  w a s  r u n  w i t h  e i g h t  s t r e a m s .  T h e  s u r f a c e  
a l b e d o  w a s  a s s u m e d  t o  b e  S % ,  a n d  t h e  t o t a l  a e r o s o l  o p t i c a l  
d e p t h  w a s  p a r a m e t e r & d  i n  t e r m s  o f  v i s u a l  r a n g e .  T h e  m o d e l  
a s s u m e s  a  c o n s t a n t  v i s u a l  r a n g e  o f  2 5  k m  f o r  t h e  l o w e s t  2  k m ,  
a  l o g a r i t h m i c a l l y  d e c r e a s i n g  a e r o s o l  o p t i c a l  d e p t h  a b o v e  t h i s ,  
a s  w e l l  a s  a  s i n g l e  s c a t t e r i n g  a l b e d o  o f  0 . 9 9  a n d  a n  a s y m m e t r y  
p a r a m e t e r  o f  0 . 6 1 ,  w h i c h  a r e  b o t h  w a v e l e n g t h - i n d e p e n d e n t .  
T h e j ( N O z )  v a l u e s  w e r e  t h e n  s c a l e d  l i n e a r l y  b y  t h e  f l a t - p l a t e  
E p p l e y - U V  ( 2 9 0 - 3 8 5  n m )  m e a s u r e m e n t s  a n d  b y  t h e i r  r a t i o  t o  
t h e  r a d i a t i v e  t r a n s f e r  m o d e l  c l e a r - s k y  i r r a d i a n c e  t o  a c c o u n t  f o r  
t h e  a c t u a l  c l o u d  a n d  a e r o s o l  e f f e c t s  o n  j ( N O r ) .  T h i s  s c a l i n g  
h e l p s  t o  c o r r e c t  f o r  a n y  e r r o r s  m a d e  b y  t h e  v i s u a l  r a n g e  
a s s u m p t i o n s .  A  9 1 5  M H z  b o u n d a r y  l a y e r  w i n d  p r o f i l e r  w a s  
d e p l o y e d  a t  t h e  s i t e  a n d  a c q u i r e d  3 0  m i n  a v e r a g e  w i n d  s p e e d  
a n d  d i r e c t i o n  v e r t i c a l  p r o f i l e s  a t  a  r e s o l u t i o n  o f  a b o u t  6 0  m .  I t  
u s e d  w i n d - i n d u c e d  D o p p l e r  s h i f t s  i n  o n e  v e r t i c a l  a n d  f o u r  o f f -  
z e n i t h  b e a m s .  T h e  r a d a r ’ s  b a c k s c a t t e r  p r o f i l e s  o b t a i n e d  f r o m  
r e f r a c t i v e - i n d e x  i n h o m o g e n e i t i e s  a s s o c i a t e d  w i t h  a t m o s p h e r i c  
t u r b u l e n c e  w e r e  u s e d  t o  e s t i m a t e  t h e  d a i l y  e v o l u t i o n  o f  t h e  
c o n v e c t i v e  b o u n d a r y  l a y e r  ( C B L )  a n d  t h e  e x t e n t  o f  i t s  m i x i n g  
d e p t h  z i  [ W / & e ,  1 9 9 3 ;  A n g e v i n e  e t  u l . ,  1 9 9 4 a ,  b ] .  T h e  w i n d  
s p e e d  m e a s u r e m e n t s  a t  t h e  l o w e s t  r a n g e  g a t e ,  t h a t  i s ,  1 6 0  m  
a b o v e  g r o u n d  l e v e l  ( m  a g l )  p r o v i d e d  a n  e s t i m a t e  f o r  t h e  u p p e r  
l i m i t  o f  t h e  d e p t h  o f  t h e  n o c t u r n a l  i n v e r s i o n .  

3. Chemical Measurements 

A l l  c h e m i c a l  m e a s u r e m e n t s  w e r e  m a d e  o n  t h e  t o p s  o f  
s t a n d a r d  c o n s t r u c t i o n  s c a f f o l d i n g  t o w e r s  a t  a b o u t  9  m  a g l .  
T h e  d a t a  w e r e  a c q u i r e d  a t  1  H z  a n d  a v e r a g e d  t o  1  m m  p o i n t s  
u n l e s s  n o t e d  o t h e r w i s e .  T h e  d e t e c t i o n  l i m i t s ,  t h e  t i m e  
i n t e r v a l s  o v e r  w h i c h  t h e  m e a s u r e m e n t s  w e r e  a v e r a g e d ,  a n d  
p r e c i s i o n  a n d  a c c u r a c y  e s t i m a t e s  o f  e a c h  t e c h n i q u e  a r e  
s u m m a r i z e d  i n  T a b l e  1 .  T h e  i n d i v i d u a l  t e c h n i q u e s  a r e  
d e s c r i b e d  b r i e f l y  i n  t h e  f o l l o w i n g .  

T h r e e  i n d e p e n d e n t  c h a n n e l s  o p e r a t e d  s i m u l t a n e o u s l y  t o  
m e a s u r e  N O ,  N O x  ( N O  p l u s  N O 2  p h o t o l y t i c a l l y  c o n v e r t e d  t o  
N O  i n  X e  a r c  U V  l i g h t  [ K l e y  u n d  M c F a r h d ,  1 9 8 0 ] ) ,  a n d  
N O ” .  T h e  N O ”  w a s  c o n v e r t e d  w i t h  a n  A u  t u b e  h e a t e d  t o  
3 O O ’ C  i n  t h e  p r e s e n c e  o f  C O  [ F u h e y  e r  u l . ,  1 9 8 6 1 .  P A N ,  
M F A N ,  a n d  P P N  w e r e  m e a s u r e d  e v e r y  2 0  m i n  b y  g a s  
c h r o m a t o g r a p h y  ( G C )  w i t h  e l e c t r o n  c a p t u r e  d e t e c t i o n  ( E C D )  
[ W i l / i c r n s  e r  a l . ,  1 9 9 7 1 .  A e r o s o l  n i t r a t e  ( N 0 3 - )  a n d  H N O s  
w e r e  m e a s u r e d  b y  T e f l o n / N y l o n  f i l t e r  p a i r  s a m p l i n g  f o l l o w e d  
b y  e x t r a c t i o n  a n d  a n a l y s i s  v i a  i o n  c h r o m a t o g r a p h y  [ N o r r o n  e r  
a l . ,  1 9 9 2 1 .  

A  f a s t  f l o w  t u b e  w i t h  a  f i l t e r e d  i n l e t  a t  t h e  t o p  o f  t h e  t o w e r  
d e l i v e r e d  a i r  t o  a  m a n i f o l d  t h a t  w a s  u s e d  t o  s a m p l e  a i r  f o r  m e  
m e a s u r e m e n t  o f  O j ,  C O ,  a n d  s u l f u r  d i o x i d e  ( S O * )  w i t h  
i n s t r u m e n t s  l o c a t e d  i n s i d e  t h e  A e r o n o m y  L a b o r a t o r y  t r a i l e r .  

T a b l e  1 .  M e a s u r e d  S p e c i e s ,  D e t e c t i o n  L i m i t s  ( D L ) ,  P r e c i s i o n  
a n d  A c c u r a c y  o f  t h e  M e a s u r e m e n t s  f o r  G i v e n  T i m e  I n t e r v a l s  

S p e c i e s  D L  

N O  5  P P t v  
N O 2  2 0  p p t v  
N C +  5 0  p p t v  
P A N  3  P P t v  
M P A N  3  P P t v  
P P N  3  P P t ”  
H N O ,  3  P P t v  
N O j .  3  P P t v  
0 3  2  P P b v  
c o  2 0  p p b v  
s o 2  1 5 0  p p t v  

T i m e  
I n t e r v a l  

1 0 s  
I O  s  
1 0 s  
I  m i n  
I  m i n  
I  m i n  
1  h o u r  
1  h o u r  
1 m i n  
I m i n  
I n u n  

P r e c i s i o n  

* 1 5 %  
d o %  
i 2 0 %  
5 4 %  
t i %  
* 5 %  
& O %  
* 2 0 %  
a  P P b v  
* I O %  
2 1 0 %  

A c c u r a c y  
%  

t i 0  
i 2 0  
i 3 0  
5 2 0  
i 3 0  
* 3 0  
& O  
t i 0  
i 5  

* I O  
* I O  

0 3  w a s  m e a s u r e d  u s i n g  a  p r e s s u r e -  a n d  t e m p e r a t u r e -  
c o m p e n s a t e d  c o m m e r c i a l  U V  a b s o r p t i o n  i n s t r u m e n t  ( m o d e l  
1 1 0 8 ,  D a s i b i  C o r p o r a t i o n ) .  C O  w a s  m e a s u r e d  b y  a  g a s  f i l t e r  
c o r r e l a t i o n ,  n o n d i s p e r s i v e  i n f r a r e d  a b s o r p t i o n  i n s t r u m e n t  
( m o d e l  4 8 s  T h e r m 0  E n v i r o n m e n t a l  I n s t r u m e n t s )  t h a t  w a s  
m o d i f i e d  a c c o r d i n g  t o  f u r r i s h  e t  u l .  [  1 9 9 4 1  f o r  f r e q u e n t  z e r o  
c h e c k s  a n d  s t a n d a r d  a d d i t i o n  c a l i b r a t i o n s .  T h e  p l u m b i n g  
s e t u p  a l l o w e d  t h e  z e r o  t r a p  t o  b e  c o n d i t i o n e d  t o  c h a n g i n g  
l e v e l s  o f  a m b i e n t  w a t e r  v a p o r ,  w h i c h  i s  k n o w n  t o  b e  a  m a j o r  
i n t e r f e r e n t .  T h e  s i g n a l  o u t p u t  w a s  p r e s s u r e -  a n d  t e m p e r a t u r e -  
c o m p e n s a t e d .  S O *  w a s  m e a s u r e d  b y  a  c o m m e r c i a l ,  p u l s e d  
U V  f l u o r e s c e n c e  i n s t r u m e n t  ( m o d e l  4 3 s ,  T h e r m 0  
E n v i r o n m e n t a l  I n s t r u m e n t s ) .  S i n c e  t h e  i n s t r u m e n t  
m e a s u r e m e n t  p r i n c i p l e  i s  k n o w n  t o  b e  s e n s i t i v e  t o  o r g a n i c  
h y d r o c a r b o n s  ( H C ) ,  t h e  e f f i c i e n c y  o f  t h e  i n t e r n a l  H C  r e m o v a l  
f r o m  t h e  s a m p l e d  a i r  t h r o u g h  a  s e m i p e r m e a b l e  w a l l  w a s  
e n h a n c e d  b y  i n t r o d u c i n g  a c t i v a t e d  c a r b o n  i n t o  t h e  f l o w  o f  t h e  
l o w - [ H C ]  s i d e  o f  t h e  w a l l ,  t h a t  f u r t h e r  i n c r e a s e d  t h e  [ H C ]  
g r a d i e n t  a c r o s s  t h e  w a l l .  

4. Results 

4 . 1 .  E p i s o d e s  W h e n  V i o l a t i o n s  o f  t h e  N A A Q S  
0 3  S t a n d a r d s  O c c u r r e d  

T h e  0 s  d a t a  t o  w h i c h  t h e  N a t i o n a l  A m b i e n t  A i r  Q u a l i t y  
S t a n d a r d s  ( N A A Q S )  a r e  a p p l i e d  a r e  b a s e d  o n  l - h o u r  a v e r a g e s  
o f  0 s  m i x i n g  r a t i o s  m e a s u r e d  a t  s u r f a c e  m o n i t o r i n g  s t a t i o n s .  
T h e  s t a n d a r d  s e t  b y  t h e  1 9 6 7  C l e a n  A i r  A c t  d e s i g n a t e d  a r e a s  
a s  o u t  o f  c o m p l i a n c e  i f  m o r e  t h a n  t h r e e  l - h o u r  a v e r a g e s  o f  O j  
e x c e e d e d  1 2 0  p p b v  w i t h i n  a  4 - y e a r  p e r i o d .  I n  J u l y  1 9 9 7 ,  E P A  
h a s  r e v i s e d  t h i s  s t a n d a r d  t o  t h a t  t h e  a n n u a l  f o u r t h - h i g h e s t  
d a i l y  m a x i m u m  8 - h o u r  o z o n e  c o n c e n t r a t i o n s  ( i . e . ,  8 - h o u r  
r u n n i n g  m e a n s  o f  l - h o u r  0 3  a v e r a g e s )  n o t  t o  e x c e e d  8 0  p p b v  
w i t h i n  3  y e a r s .  F i g u r e  2  s h o w s  t h a t  d u r i n g  t h e  1 9 9 4  s t u d y  a t  
t h e  N e w  H e n d e r s o n v i l l e  s i t e  t h e  c u r r e n t  1 2 0  p p b v  s t a n d a r d  
w a s  v i o l a t e d  ( t h o u g h  n o t  o f f i c i a l l y )  o n e  t i m e  o n  J u l y  1 .  T h e  
8 - h o u r  8 0  p p b v  s t a n d a r d  w a s  v i o l a t e d  t h r e e  t i m e s :  J u n e  2 2 ,  
J u l y  I ,  a n d  J u l y  1 9 .  H o w e v e r ,  t h e  J u l y  1 9  e p i s o d e  d o e s  n o t  
s h o w  a  c o m p l e t e  d a t a  r e c o r d  f o r  0 3 ,  a n d  t h e  r u n n i n g  m e a n  
d o e s  n o t  r e p r e s e n t  a  f u l l  8 - h o u r  p e r i o d  i n  t h e  i n s t a n c e s  w h e n  
t h e  t r a c e  e x c e e d s  8 0  p p b v .  O n  t h e  o t h e r  h a n d ,  t h e  d a t a  f o r  
J u l y  1  s h o w  t h a t  t h e  8 0  p p b v  s t a n d a r d  w a s  v i o l a t e d  f o r  6  
c o n s e c u t i v e  h o u r s  w h i l e  t h e  1 2 0  p p b v  s t a n d a r d  w a s  v i o l a t e d  
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1  J u l y  1 9 9 4  

0o:oo 0 6 : O O  1 2 : o o  

T i m e  ( C S T )  

1 6 : O O  0 o : o o  

F i g u r e  2 .  ( a )  P l o t  o f  1  m m  0 s  m i x i n g  r a t i o s  ( d o t s ) ,  r u n n i n g  l - h o u r  a v e r a g e s  ( s o l i d  g r e y  l i n e ) ,  a n d  r u n n i n g  8 -  
h o u r  a v e r a g e s  o f  1  m m  0 s  d a t a  ( d a s h e d  g r e y  l i n e )  f o r  J u n e  2 2 ,  1 9 9 4 ,  a t  t h e  N e w  H e n d e r s o n v i l l e  s i t e .  ( b )  
S a m e  a s  F i g u r e  2 a ,  e x c e p t  f o r  J u l y  1 ,  1 9 9 4 .  ( c )  S a m e  a s  F i g u r e  2 a ,  e x c e p t  f o r  J u l y  1 9 ,  1 9 9 4 .  

f o r  o n l y  1  h o u r .  T h u s  i t  a p p e a r s  t h a t  t h e  n e w e r ,  p r o p o s e d ,  
s t a n d a r d  i s  m o r e  s t r i n g e n t  t h a n  t h e  o l d e r ,  e x i s t i n g ,  s t a n d a r d  
[ % .  . / & I  u n d  C t n z t n e i d e s ,  1 9 9 7 1 .  T h e  r e s t  o f  t h i s  p a p e r  w i l l  
p r e s e n t  a  d e t a i l e d  a n a l y s i s  o f  t h e  h i g h  0 s  e p i s o d e  o n  J u l y  1 .  

4 . 2 .  M e t e o r o l o g i c a l  C o n d i t i o n s  
f o r  t h e  J u l y  1  H i g h  0 s  E p i s o d e  

o v e r  A l a b a m a .  T h i s  r e s u l t e d  i n  a l m o s t  s t a g n a n t  c o n d i t i o n s  
( w i t h  c h a n g i n g  w i n d  d i r e c t i o n s  f r o m  n o r t h w e s t  t o  s o u t h w e s t  
o v e r  T e n n e s s e e )  o v e r  t h e  s o u t h e a s t e r n  U n i t e d  S t a t e s .  D u r i n g  
t h e  c o u r s e  o f  J u l y  2 ,  a  h i g h - p r e s s u r e  c e l l  f o r m e d  o v e r  t h e  
n o r t h e r n  M i d w e s t ,  a n d  a  l o w  r e p l a c e d  t h e  d i s a p p e a r i n g  h i g h  
o v e r  t h e  G u l f  o f  M e x i c o .  T h u s  t h i s  5 - d a y  p e r i o d  w a s  
c h a r a c t e r i z e d  b y  g e n e r a l l y  c a l m  c o n d i t i o n s  w i t h  s m a l l  
p r e s s u r e  g r a d i e n t s  a n d  n o  f r o n t a l  a c t i v i t y  o r  p a s s a g e s .  

T h e  8 5 0  m b a r  c o n s t a n t  p r e s s u r e  c o n t o u r  m a p s  s h o w e d  D a t a  f o r  w i n d  d i r e c t i o n  a n d  s p e e d  a t  1 0  a n d  5 5 0  m  a g l ,  a i r  
r e l a t i v e l y  s m a l l  p r e s s u r e  g r a d i e n t s  a c r o s s  t h e  e a s t e r n  U n i t e d  a n d  d e w  p o i n t  t e m p e r a t u r e  ( a n d  d e r i v e d  H z 0  m i x m g  r a t i o s ) ,  
S t a t e s  o n  J u n e  2 8  d u e  t o  a  s t a t i o n a r y  h i g h - p r e s s u r e  s y s t e . m  a i r  p r e s s u r e ,  U V  r a d i a t i o n  ( 2 9 0 - 3 8 5  n m  a n d  j ( N O * )  v a l u e s  
o v e r  t h e  G u l f  o f  M e x i c o  a n d  a  l o w  s t a l l e d  o v e r  c e n t r a l  d e r i v e d  f r o m  t h e  E p p l e y  d a t a ) ,  a n d  t h e  e v o l u t i o n  o f  t h e  
O n t a r i o ,  C a n a d a .  O n  J u l y  1  t h e  h i g h - p r e s s u r e  s y s t e m  s e t t l e d  b o u n d a r y  l a y e r  h e i g h t  ( z r )  a r e  d e p i c t e d  i n  P l a t e  1 .  T h e  C B L  
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Plate 1. Variations of (a) the wind direction and speed at 10 and 550 m agl, (b) the surface air pressure, (c) 
the air and dew point temperatures and derived Hz0 mixing ratio, and (d) the Eppiey UV data and derived 
j(NOs) values and the CBL mixed height .ri, derived from wind profiler data and radiosonde soundings over 
the period June 30 to July 2, 1994, at New Hendersonville. 
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Figure 4. Map of the region surrounding Nashville with back trajectories denoting air mass transport in the 
lower to mid-CBL arriving each at 1700 CST solid symbols, New Hendersonville 30 min; open symbols, 
Rayon City 60 min time increments. 

(bottom) July 1. This time window was chosen because it 
represents the period of most intense photochemical activity 
discussed in the following section. The abscissa shows the 
scale for the wind speeds in m s-’ represented by the lengths 
of the vectors that point to the direction where the wind is 
coming from (i.e., left is from the west). Besides the constant 
southwesterly flow throughout the CBL, the July 1 case 
stands out because of the very small gradient in wind speed 
compared to the other 2 days. Boundary layer heights 
determined from the profiler are shown in Figure 3 (dashed 
lines) for hours when they could be confidently determined. 
Missing CBL heights indicate the presence of scattered to 
broken cumulus clouds, which make CBL height 
determination (and the definition of the CBL height itself) 
uncertain. 

4.3. Chemical Measurements During 
the July 1 High Oj Episode 

Mixing ratios of CO, SO*, NO, NOX, NO”, NOz (NOz=NOY- 
NO& NOj- and HN03 (determined from l-hour filter samples 

for this period), PAN, PPN, and MPAN are shown in Plate 2. 
The individually measured NO? species HNOj, NO;, PAN, 
PPN, and MPAN correlated with [NOl]. The midday maxima 
in [MPAN] were not as pronounced as for [PAN] and [PPNI. 
In the presence of NOX, MPAN results from photochemical 
processing of biogenic VOC (BVOC, primarily methacrolein, 

an isoprene oxidation product), and PPN is the photochemical 
oxidation product of anthropogenic VOC (AVOC, namely, 
propanal, propane, and larger alkanes). Roberfs ef ul. [ 19981 

showed, first, that relatively strong isoprene sources in 
Nashville itself caused the substantial increase in [MPAN] on 

July 1 relative to the day before when the site was influenced 
by air masses from the north; second, that the study’s highest 
[PPN] observed on July 1 were caused by AVOCs emitted in 

the Nashville metropolitan area and transported with the 
urban plume. Because both BVOC and AVOC sources are 

small in the less forested and less urbanized region north of 
Nashville, very low mixing ratios of these PAN-type 
compounds were measured the day before (June 30) when the 
wind was from the north and northwest. 
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5. Discussion 

In the following discussion, the New Hendersonville data 
are used to study some of the features of O3 photochemistry 
and transport in this urban environment. Ground 
measurements are used to establish an ozone budget and to 
determine the net rate of IOj] change which is compared with 
the calculated gross production rate and estimated 0s loss rate 
via photochemistry and deposition. The effects of transport 
on the observed changes in ozone abundance within the CBL 
are then determined. 

5.1. Spatial Extent of the July 1 High O3 Episode 

Estimates of air mass back trajectories for the 3-day period 
of this study are shown in Figure 4. These trajectory 
estimates were derived by averaging the lowest nine range 
gates of the wind profiler (between 160 and 608 m agl) as a 
function of time. A similar profiler was deployed at Rayon 
City, about 7 km due south and 30 m lower in elevation than 
New Hendersonville. This profiler was operational beginning 
July I (A. B. White, Environmental Technology Laboratory 
(ETL), NOAA, personal communication, 1997), and data 
from it were averaged similarly to those of the New 
Hendersonville instrument. By assuming the same wind field 
applied to the entire region, the average speed and direction 
from the profilers could be used to derive the air mass history 
within the CBL above the two sites terminating at 1700 CST. 
The trajectory arriving at New Hendersonville has a time 
resolution of 30 min; the one at Rayon City is incremented 
into l-hour intervals so that both span over the total time 
period from 0900-1700 CST. It is evident that the constant 
southwesterly flow on July 1 was not limited locally to New 
Hendersonville and that it lasted at least until IS30 CST. 

The O3 data of all monitoring sites covering a larger region 
around Nashville are shown together with the 03 mixing 
ratios observed at the New Hendersonville site in Figure 5. 
The special CBL wind conditions on July I made (old) 
Hendersonville, New Hendersonville, and Cottontown be 
located downwind (Figure Sa), and Cedars, Eagleville, 
Fairview, and Dickson upwind or away from the urban plume 
of Nashville (Figure SC). The northwesterly flow on June 30 
of course placed Cedars downwind from Nashville, although 
not directly in the plume center. Some features in the [Os] 
traces seem to be common to all the sites. For example, all 
sites showed a rapid [03] increase between 0600 and 0900 
CST on all 3 days; this is indicative of a regional feature in 
the O3 levels. Many of the stations exhibit significant O3 

depletion at night. Clearly, the urban stations (Figure Sb) and 
the suburban sites (the Hendersonvilles, Cottontown, and 
Percy Priest) will experience 0s titration by local emissions of 
NO in addition to surface deposition losses. The latter is 
likely the dominant nighttime loss at the more rural locations 
(Figure 5~). The most striking feature of Figure 5 is the 
locally limited character of the high [03] episode at the 
Hendersonvilles and Cottontown on midday of July I when 
all three sites were impacted by the Nashville urban plume 
with Cottontown being farthest downwind. Note that the 
stations Polk, New Hendersonville, and Cottontown lie almost 
exactly in a straight line along which the mean outflow of the 
urban plume occurred. The Polk station is on top of the 
James K. Polk building, I10 m agl, on the comer of Fifth and 
Deadrick Avenues in downtown Nashville (see Figure 4). 

Owing to the distance from the ground, this measurement has 
a greater “footprint” and therefore represents a typical ozone 
level of the greater Nashville urban area. Assuming 
homogeneous mixing and steady state conditions in the region 
(a greatly idealized simplification), a net ozone production 
rate can be estimated for the urban plume from 

~(03hw = tio3lNH - 1031~01k) x AF 1 Q 
where AF is the airflow derived from the trajectory and 
projected onto the direct distance D between New 
Hendersonville (NH) and Polk. Under the same assumptions 
a net ozone loss rate L(03)m8 can be determined in a similar 
fashion for an air parcel that travels in the dispersing plume 
from New Hendersonville to Cottontown. Both terms are 
depicted in Figure Sd showing a steady increase before noon 
to a nominal maximum at 1300 CST of 8.3 ppbv h.’ net ozone 
production upwind, and 5.9 ppbv h-’ net ozone loss downwind 
from New Hendersonville. If in situ loss and mixing rates 
were the same along the entire plume trajectory a maximum 
photochemical gross production rate could be estimated by 
the sum of both rates, that is, -14 ppbv h-’ at 1300 CST. 
Figure 5d shows also plume ozone production rates P(O& 
calculated the same way for the other 2 days assuming Cedars 
downwind from Polk on June 30 and New Hendersonville 
downwind from Percy Priest on July 2. 

Comparing the July 1 case with the day after (Plates 1 and 
2) shows that the close vicinity of pollution sources made the 
measured data at the site very sensitive to changing flow 
conditions, in particular to wind direction and atmospheric 
turbulent mixing. Continuous southwesterly flow was 
maintained well into the afternoon on July 1 causing elevated 
levels of CO and NOX throughout this day. On July 2, at 
around 0730 CST, a clear shift to south-southeasterly wind 
directions brought in air masses high in [SO& lower in [NOI], 
and lowest in [CO] that were indicative of the Gallatin power 
plant to the east. The most significant difference to July 1, 
however, occurred when the site remained under the influence 
of more southeasterly flow for the rest of the daytime period 
of July 2. 

Finally, [03] data from the NOAA WP-3D Orion research 
aircraft (P3) are used to examine the vertical extent of mixing 
in the CBL. Although no aircraft flights were conducted on 
July I, flights took place I day before and I day after. On 
June 30 the P3 ascended between 1204 and 1213 CST from a 
flight altitude of about 720 m agl up to 1920 m agl at a 
horizontal distance of about 60 km to the west-northwest 
(upwind) of New Hendersonville. This vertical profile was 
the one flown closest to the ground site this day. The [03] 

aloft varied between 58 and 65 ppbv up to an altitude of 14911 
m agl and then declined rapidly to around 45 ppbv at higher 
altitudes. The 1490 m agl marked z!, the height of the CBL. 
During these 9 min, the New Hendersonville [031 increased 
from 57 to 67 ppbv. The agreement between both data sets 
points to a CBL that was well mixed. Surface winds were 
from the northwest; therefore the ground site was not directly 
impacted by the urban plume. However, on July 2, around 
noon, surface winds were from the south and from south- 
southeasterly directions at higher altitudes. Between 1248 
and 1251 CST the aircraft ascended from 410 to 1960 m agl at 
about 60 km northwest of New Hendersonville. The top of 
the CBL, z.i, was about 1120 m agl, and O3 levels varied 
between 65 and 69 ppbv below this altitude, again indicating 
well mixed conditions. At this time, however, the New 
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Figure 5. Ozone measured at New Hendersonville (dots) and at the other ground stations labeled in Figures 1 
and 4 on July 1, 1994, and the 2 neighboring days for comparison with Plates 1 and 2. Bottom panel shows 
net ozone production and loss rates within the urban plume (see text for details). 
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Hendersonville [OJ] was at a maximum of 80-85 ppbv. This 
was caused by the influence of the urban plume that was 
moving to the north, while the P3 vertical ozone profile was 
flown to the west, outside the plume. However, on both days 
the P3 did record maximum [Oa] in the direct outflow of the 
urban plume, similar to that seen in the New Hendersonville 
data: on June 30, under conditions of higher wind speeds and 
deeper CBL than on July I, the maximum ]03] encountered 
by the P3 was 92 ppbv at 15 I1 CST, 980 m agl and 20 km 
downwind, and 98 ppbv on July 2 1144 CST at 750 m agl and 
35 km downwind from the Nashville city center (D. D. 
Parrish, M. Trainer, and G. Hiibler, Aeronomy Laboratory, 
NOAA, personal communication, 1997). The reasons for the 
higher maximum P3-[03] on July 2 can be seen both in the 
shallower CBL and in the entrainment of higher [03] from the 
previous day’s ozone pollution. The importance of preserving 
ozone in nocturnal residual layers that are removed and 
isolated from the surface, and the role of vertical and 
horizontal transport, that includes entrainment, cloud venting, 
and advection, as an effective mechanism for shaping the 
observed ozone levels is discussed in the following sections. 
Clearly, vertical and horizontal transport must be considered 
for the [03] observations at New Hendersonville, in addition 
to photochemistry. 

5.2. Principal Factors Affecting O3 
Observed at New Hendersonville 

A simple budget analysis is performed by equating the 
changes in [Oj] observed at New Hendersonviile to the 
principal production and loss terms: 

(I) 

The procedures and uncertainties of deriving these production 
and loss terms are described in the following. A 
nonanalytical descriptive summary of these procedures has 
been presented by Baumann et al. [ 19991. 

The first term on the right side of equation (1) is estimated 
from the photostationary state relationship of NO, NOZ, and 
Oj. Consider the two terms on the right-hand side of the 
following equation: 

where j(NOZ) is the photodissociation rate of NO2 and k, is 
the rate constant for reaction of O3 with NO. In the absence 
of other processes, the production and loss of 03 defined by 
the two right-hand terms above will balance and yield a 
photochemical stationary state (PSS) for which there will be 
no net Oj formation. However, reactions of OH with CO and 
VOC lead to the formation of HO2 and a variety of organic 
peroxy radicals, Ri02. The reaction of NO with these peroxy 
radicals (middle term of equation (2), where the k2, are rate 
coefficients for reactions of NO with any number of peroxy 
radicals [Atkinson, 1990; Peeters et al., 19921) perturbes the 
PSS, resulting in an instantaneous gross in situ ozone 
production rate* assuming NO in steady state. Reactions 
implied by equation (2) are considered the only ones that 
significantly alter the PSS and lead to 03 production in the 
sunlit troposphere [e.g., Parrish et al., 1986; Ridley et af., 
1992; Frost er af., 1998, and references therein]. To ensure 
that the primary assumption of photostationary state, that is, 
rapid interconversion between NO and NO2 (-1 min), was 

correct, the data here were restricted to (1) strictly coincident 
1 mm data without interpolations; (2) periods with high Iight 
leivels under mostly clear-sky conditions, withj(NO*) > 0.005 
S ; and (3) changes of any of the quantities smaller than 20% 
of the previous 1 mm value. According to equation (2) the 
highest production rates should occur when the product of 
[NO] and kzi[R,0*] reaches a maximum. On July I, for 
example, [NO] decreased between 0700 and 1100 CST from 
about 18 ppbv to less than 2 ppbv, while its fraction of [NOx] 
decreased from 45% to less than 20% (Plate 2). Ozone (and 
radical) levels built up simultaneously as [HNOs] increased, 
corresponding to NOx oxidation, in particular via NO2 
reaction with OH. This calculation of P(OJ) (the two right- 
hand terms of equation (2)) is the difference between two 
quantities of similar magnitude. This can lead to significant 
errors [Chatneides et al., 1990: Kleinman et al., 19951 that we 
estimate as follows. 

Values for j(NOz) were calculated for clear-sky conditions 
using the radiative transfer model and subsequently scaled by 
Eppley-UV measurements to account for cloud effects, as 
described above. On the basis of 20% errors in the cross 
sections and quantum yields of NO2 [DeMoore et af., 19941, 
an uncertainty of 10% in the Eppley measurement itself 
[Shetter ef al., 19921, and a conservative estimate of 20% for 
any errors in using a linear scaling of modeled j(NOz) by the 
ratio of the measured and modeled irradiance, we have 
estimated thej(NOz) uncertainties in accuracy at 30%. 

Uncertainties in the accuracy of the NO and NO* 
measurements utilizing the chemiluminescence detection 
(CD) technique of the instrument used in this study were 
estimated at &(19% +8 parts per trillion by volume (pptv)) for 
NO and &(22% + 5 pptv) for NO2 [&Warns et af., 19971. 
These estimates were determined via propagation of errors 
introduced by the calibration standard, the mass flow 
controllers, and instrument background. The main difference 
and improvement of the instrument used in this study was that 
it allowed simultaneous measurement of NO1 in a separate 
channel from NO, therefore not requiring interpolation of the 
NO signal in order to derive NOz. Hence the accuracies for 
both the NO and the NO2 measurements here are estimated 
conservatively at * 20% (see Table I). The introduction of 
zero air, that is, ultrapure, NOK-free air to the inlet, resulted in 
a detectable signal known as “instrument artifact” for both 
NO and NO?, and represents a systematic error for this 
technique. However, it is accounted for in the data reduction, 
therefore contributing only little to the overall uncertainty of 
the reported data on a random basis. For example, during the 
3-day period around July 1, the NO artifact averaged 16 & 4 
pptv and was 98 * 7 pptv for NO2, with variations expressed 
as single standard deviations. The uncertainty of the [NO] 
calibration standard had been determined by a round-robin 
evaluation among all participants to be *3.5%. The 
uncertainty in the calibration of the sample air and calibration 
gas mass flow controllers is estimated to be 2% for each set 
point, respectively. Thus the total systematic error in the 
calibration system can be estimated at ?5% and falls well 
within the total estimated *20%. NO3 and HONO are 
potential interferences for the NO? measurement in that they 
rapidly and most efficiently photolyze in the broadband Xe 
UV spectrum. This is mainly the reason why their 
atmospheric abundance relative to NO* during middays is 
rather insignificant, which are the daytime periods subject to 
investigation of this work. 
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P(Oj) values were calculated for 1 min time intervals for 
which coincident measurements of the independent input 
parameters had been reported that met the above screening 
criteria. Of all the input variables measured, NO and NOz 
were the least complete. In order to maximize the resulting 
number of 1 min P(Os) data, gaps in the NO1 data reported by 
one group (Brookhaven National Laboratory (BNL)) were 
filled in by the NOx data reported by the other group (NOAA) 
after these data had been properly adjusted. Gaps typically 
scattered during the course of a day ranged from 5 to 75 mm 
and were always less than 30% of a total 24-hour period. 

Adjustments were made by linear regression of coincident 1 
mm data collected during any particular day, which seemed 
justified by the fact that both groups operated conceptually 
identical CD techniques. For example, 2338 coincident 1 
mm NO1 measurements were reported for the period June 30 
to July 2, and the NOAA data were systematically 4% higher 
(slope of 1.04) and offset by 0.4 ppbv (intercept) at rz = 0.92, 
reflecting the precision of the specific NO1 CD measurement 
technique. No other, conceptually different technique was 
deployed during this experiment that would allow an 
assessment of the absolute accuracy. Our accuracy estimate 
of *20% can be considered conservative based on numerous 
intercomparison studies [for example, Gregory er ~1.. 1990; 
Fehsenfeld et al., 1990; Harder et al., 19971, who compared 
distinctively different techniques to measure NO and NO?. 

Considering the inaccuracies of the measured input 
parameters o(X;) from Table 1 and uncertainty estimates for 
k, = *20% [DeMore et ~1.. 19941, and j(NOz) = 230% from 
above, uncertainties of the calculated hourly averages of the 
gross ozone production rate were evaluated by propagation of 
errors, using 

(3) 

The derivatives of P(Os) due to each independent variable (Xi) 
were derived analytically from equation (2) using hourly 
averages of the measured 1 min input variables that met the 
screening criteria above. The errors in P(03) are expressed in 
percent of its absolute quantity as relative errors 

&(P(Oj)) = * cr(P(Os)) / ]P(Oj)] x 100%. (4) 

For the entire data set, &(P(Os)) averages at *1700% with 
minimum at &58%, while the average for the specific 3-day- 
period June 30 to July 2 is *1330% with minumum *137%. 
It is evident that the relative errors are smaller when ]P(O3)[ is 
significantly greater than 0, which was the case especially 
around noon and early afternoon. This can be seen in Figure 

6a that shows P(Os) for the period June 30 to July 2, in 
comparison with other budget terms explained below. Figure 
6b shows the difference between the production term 
j(NOs)[NOz] and the loss term ki[Os][NO] that make up 
P(Os), with absolute errors estimated from propagated errors 
of the individual hourly averaged measurements similar to 
equation (3). The relative errors in P(Ox) according to 
equation (4) are depicted in Figure 6c on a lognormal scale. 
They averaged at &2530% before noon, and at &260% around 
noon and early afternoon. The errors in the production term 
shown in Figure 6b are always larger than the errors in the 
IOSS term, therefore indicating greater uncertainties in PSS- 
derived P(Os) induced by possible systematic errors in j(NOz). 
The additional uncertainty due to real atmospheric 

fluctuations in the measured variables during the averaged l- 
hour intervals was a minor contributor to the overall error in 

w31. 

The primary 0s photochemical loss (L(Os) in equation (1)) 
in the southeastern U.S. troposphere during midday, clear-sky 
conditions is photolysis and subsequent reaction of O(m) with 
H20 to form OH [Haugfustaine et al., 1996; Frost et 
al.,l998]. The 1 min O3 photolysis rate constants, j(03), were 
determined in the same manner as j(NOs). For the midday 
periods considered here, O3 reactions with HO* and olefins 
were minor contributors to the total photochemical ozone loss 
rate Q03). Their contributions relative to the primary O3 
photochemical loss were estimated at New Hendersonville 
based on the Rural Oxidanys in the Southern Environment 
(ROSE) study in Alabama [Frost et uf., 19981 since no radical 
nor VOC data were available from the 1994 New 
Hendersonville site. The uncertainty of this estimate of the 
total ozone loss rate amounted to &SO%. 

An O3 deposition rate L+ was calculated by assuming a 
deposition velocity Vet that would represent the larger region 
in the outfIow of the Nashville urban plume and be valid for 
the average CBL encountered. Since ozone deposition to 
vegetation is stomata]-controlled, a diurnal character of v,,~~ 
was assumed. For the mostly deciduous forests in this region 
in summer, about 0.65 cm s-’ in the morning (0800 CST) 
increasing to a 1.2 cm s-’ peak around noon seemed 
reasonable [cf. McMillan et al., this issue; Padro, 1993; 
Hicks et al., 1989; Lmschow et al., 1981: Galbally and Roy, 
19801. With the measured average CBL mixed height G and 
measured [03], the ozone loss rate via surface deposition was 
estimated by 

&rep = vdep I031 1 Zi- VI 

The uncertainty of v&r was estimated from ozone flux 
measurements off an aircraft platform flying at an average 
100 m agl during the 1995 SOS intensive [McMiUun et uf., 
this issue]. The relative standard deviation (RSD) of vder 
determined as the average of zonally binned data from 
multiple consecutive 65 km flight legs across the Nashville 
urban plume during midday hours amounts to - *40%. With 
an estimated uncertainty of *15% for the wind profiler 
measurements of zi under clear-sky conditions, the overall 
uncertainty of the Oj deposition rate is better than *43%. 

The observed rate of Oj change, d[O$dt, was derived 
from the 1-min data by taking a finite difference derivative of 
the form 

d[03(t,,)]/dt =([0&+30 min)l-[O&a-30 min)lYl hour (6) 

averaged over the 1 hour intervals shown in Figure 6. Since 
the precision of the 03 analyzer is *2% at 100 ppbv, the 
uncertainty of the observed rate is estimated to be about 23%. 

An additional term was calculated according to equation 
(1) above by subtracting the net production (P(Os) + UOs) + 
f+) from d[O#dt. This residual term (Tin equation (1)) is a 
result of all of the transport phenomena, such as advection, 
entrainment, and venting, that affect the 0s mixing ratios at 
New Hendersonville. From the above error analysis it is 
obvious that the uncertainty in the derived transport term 7 is 
governed by the relatively large errors in P(03) amounting to 
a minimum factor of 2. 

As an approximation, the effects of advection on [Ox] will 
be considered small compared to other transport effects. This 





9150 BAUMANN ET AL.: OZONE PRODUCTION AND TRANSPORT NEAR NASHVILLE 

Ridley ez al., 19981 and from P3-aircraft data collected 
particularly during this campaign with the only early morning 
takeoff on July Il. 1994, as shown in Figure 7. Entrainment 
of these air masses containing conserved and nondepleted Or 
from the photochemically active day before contributed to the 
rapid increases of [Os] near the surface during the first 2-3 
hours after sunrise on July 1. On this day the phase of the 
most noticeable and effective vertical mixing was in the 
morning between 0700 and 1000 CST under still relatively 
slow CBL growth. As shown in Plate 1, this was the time of 
calm conditions (average wind speeds of 0.8 fl.5 m se’) when 
advection likely contributed very little to the overall transport 
so that neglecting advection seemed justified. The resulting 
entrainment term, shown as me transport term in Figure 6, 
shows a large contribution to the observed [Os] change rate 
during this time. Applying this budget analysis under the 
same assumptions to the entire screened data set on the basis 
of diurnal averages leads to mean entrainment rates of lo-15 
ppb h’ between 0700 and 0900 CST [&rumurm et al., 19991. 

Examination of this July 1 episode in more detail shows 
interesting features with respect to the behavior of [Os]. 
Between 0300 and 0600 CST there was a light surface wind 
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Figure 7. Vertical profiles of [Os] measured above the 
Nashville airport on board the NOAA WP-3D Orion research 
aircraft (P3) during takeoff at 0500 CST and landing at 0900 
CST on July 11, 1994. 

from the northeast (Plate 1). Levels of NOX, NO?, and CO 
(Plate 2) were fairly low until 0600 CST when the wind 
shifted to the east and the New Hendersonville site was 
influenced by emissions from a highway about 1 km to the 
east. Ozone was titrated essentially to zero (Figure 5). By 
0800 CST the wind had shifted from the east to the southeast, 
and the site was influenced by a power plant plume containing 
high levels of SO* (Plate 2). This undoubtedly was the plume 
from Gallatin, located about 20 km to the east (Figures 1 and 
4). As the wind continued to shift toward the southwest, the 
power plant plume passed by the site, but [CO] and the 
nitrogen oxides remained high (Plate 2). At 1000 CST it was 
apparent that the boundary layer had risen past 550 m agl 
since the surface wind direction then coincided with the wind 
direction aloft and the 550 m agl wind speed had dropped to 
the surface wind speed. During this period (0700-1000 CST), 
[Os] climbed steadily from -5 to 80 ppbv, yet the Oj 
production term was negative. Since there are no other 
sources of 0s (neglecting advection), entrainment of [O&rich 
air from above must be responsible for the increase at the 
surface. Moreover, from the data we can estimate what the 0s 
level was aloft. At about 1100 CST there was a significant 
drop in the levels of CO, NO,“, and the individual NOY species 
(Plate 2). There was also a drop in the Hz0 mixing ratio, 
which corresponded to an extremely rapid increase in the 
CBL between 1100 and 1200 CST (Plate 1). However, the Oj 
level remained almost constant during this period. It seems 
likely that the explosive growth of the CBL during this period 
resulted in rapid downward mixing of drier air containing 
levels of CO and NO,” that were much lower than the surface 
mixing ratios but about the same mixing ratio of 03. Thus the 
Oj levels aloft probably were about 80-85 ppbv, but since the 
aircraft was not flying on July 1 this cannot be confirmed. A 
periodic decoupling of the residual layer aloft from the 
nocturnal surface inversion can be seen by the traces of wind 
direction and speed at 10 and 550 m agi in Plate I (top). It 
seems reasonable, then, that air masses aloft with maximum 
ozone levels of 92 ppbv encountered by the P3 the afternoon 
before were relatively conserved and advectively redistributed 
overnight. A simihu analysis of data on July 2 shows that 
[03] leveled off at -70 ppbv between 1000 and 1200 CST, 
and this value is in good agreement with the 65 ppbv 
measured at 1000 CST by the P3 at an altitude above 1.4 km 
agl, that is, above the CBL (Figure 8). Compared to June 30, 
the July 2 profile shows higher ozone levels in the residual 
layer indicating some remainder of the previous day’s local 
ozone buildup and subsequent nocturnal advective 
redistribution. 

It appears, then, that the buildup of [OX] at the surface prior 
to 1100 CST on July 1 was almost exclusively due to 
entrainment of [O&rich air from aloft. Around this time the 
photochemical production term (Figure 6) became strongly 
positive, and [Or] continued a rapid increase, eventually 
reaching a peak of 125 ppbv at 1230 CST. During this late 
morning-early afternoon period the wind was from the south- 
southwest, and the site was influenced not only by the 
Nashville urban phime (20 km distant), but also by a major 
highway and a burning landfill (2 km distant). Thus me Ievels 
of NOX and CO (and, presumably, AVOC) remained high, 
which is consistent with the calculated high P(OJ values 
(Figure 6). High levels of AVOC also appear to be indicated 
by the very high ratio (-0.2) of [PPM to [PAN] (Plate 2). 
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